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Additional Supporting Information may be found in the online version of this article Vitamin D deficiency is frequent (41.5%) in the United States and has been reported to associate with several chronic conditions. Early cross-sectional studies reported that persons with Parkinson's disease (PD) are more deficient than the general population, 1 and genetic variation in the vitamin D receptor (VDR) gene has been linked to PD risk, 2 spurring the hypothesis that vitamin D metabolism is important in the development or progression of PD. [3] [4] [5] Moreover, animal studies have shown motor impairment and reduced stride length in VDR knockout mice, 6 and animal and cell culture studies have demonstrated neuroprotective effects of vitamin D against MPTP and 6-OHDA exposure. 7, 8 Complications exist, however. For example, the first epidemiological risk study from Finland found lower baseline vitamin D levels in individuals who went on to develop PD compared to those who did not, 9 but the more recent prospective Atherosclerosis Risk in Communities (ARIC) study cohort of almost 13,000 subjects found no association between baseline vitamin D levels and risk of PD 17 years later. 10 Moreover, whereas studies involving populations with more advanced PD have consistently shown associations between decreased vitamin D and PD, 5,11 they face potential confounding attributed to reduced sun exposure, leading to reduced dermal synthesis of Vitamin D, in patients with progressive motor limitations.
To date, no study has explored vitamin D in subjects with premotor PD on the cusp of diagnosis. The Parkinson Associated Risk Syndrome (PARS) study is a well-characterized cohort of subjects without a diagnosis of PD who have undergone olfactory testing and dopamine transporter (DAT) imaging, suggesting that some may be at high risk for PD. This cohort is thus well suited to studying vitamin D levels in "prodromal" PD, preceding the advent of motor limitations that may confound results.
Materials and Methods

Population
Data used in this study came from the Parkinson Associated Risk Syndrome (PARS) Study, an observational study designed to identify subjects at high risk for developing PD. [12] [13] [14] Briefly, PARS subjects undergo testing with the University of Pennsylvania Smell Identification Test (UPSIT), baseline clinical evaluations, collection of blood and cerebrospinal fluid, and DAT imaging. For this study, subjects were high risk if they displayed hyposmia (<15th percentile for age-and sex-based norms on UPSIT) and <80% age-expected putaminal DAT binding. We based DAT imaging cutoffs on standards used to define subjects without evidence of dopaminergic deficit in large PD clinical trials such as PRECEPT. 15 Moreover, a subset of PARS individuals with hyposmia and <65% age-expected DAT binding were considered at highest risk. The latter cutoff is more stringent than one in which we have previously reported sensitivities of >90% for detection of parkinsonian syndromes defined by expert clinical diagnosis 16 and has been previously used to define a highest-risk group among PARS study participants.
14 Of 303 subjects who completed baseline clinical and imaging evaluations, plasma samples were available for 198, all of which were included in our study.
Institutional Review Board Approval
The study was approved by the Western Institutional Review Board, the Human Research Protection Office at the U.S. Army Medical Research Material and Command, and all local institutional review boards for participating centers. Informed consent was obtained from each participant.
Vitamin D Measurement
Plasma samples were collected at baseline and stored at 2808C until they were assayed using liquid chromatography tandem mass spectrometry (LC/MS/MS), the gold standard for measuring vitamin D. 17 The assays were performed by Heartland Assays, LLC (Ames, 
Statistical Analysis
Statistical analysis was performed with Statistical Package for the Social Sciences (SPSS) statistics (version 22; SPSS, Inc., Chicago, IL). Demographic characteristics, baseline motor features, and vitamin D levels were compared using t tests, the Mann-Whitney U test, or chi-square test. Two groups were defined for comparison: (1) subjects with hyposmia and a reduction in DAT binding (hyposmia 1 <80% ageexpected DAT binding) and (2) all other subjects. The hyposmia 1 DAT reduction group is considered at high risk for PD based on DAT imaging data from early PD clinical trials. 15 A second analysis using a more stringent DAT cutoff (<65%) to define a highest-risk group 14 was also performed. Linear regression was used to determine whether there were differences in vitamin D levels between the two groups after adjusting for age, sex, and season of blood draw. Partial correlations were used to determine whether there was an association between total vitamin 
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D and age-expected putaminal DAT binding while controlling for age, sex, and season of blood draw.
Results
Among 198 participants with available samples, 56 were in the hyposmia and DAT deficit group (high risk for PD) and 142 made up the "all others" group. As shown in Table 1 , there were no differences in age or season of blood draw. The mean total UPDRS score was significantly higher in the high-risk group Fig. 1 ). Vitamin D2 and vitamin D3 levels did not differ between the two groups ( Table 1 ). The proportion of PARS participants meeting criteria for vitamin D deficiency (level <20 ng/mL) and insufficiency (level, 20-30 ng) was similar comparing individuals at high risk for PD versus not, with a deficiency rate of 26.8% in the high-risk group versus 31.0% in those not at high risk, and an insufficiency rate of 41.1% in the high-risk group versus 46.5% in those not at high risk (Fig. 1) . Using linear regression, there was no difference in vitamin D levels between the two groups after adjusting for age, sex, and season of blood draw (2.87 [-0.255, 5.99] higher in high-risk group; P 5 0.07). There was also no association between total vitamin D and putaminal DAT binding when controlling for age, sex, and season of blood draw using partial correlations.
Results were similar when a more stringent cutoff of DAT binding <65% of age-expected norms was used to define the highest-risk group (Table 1) .
Discussion
Vitamin D insufficiency is common in advanced PD, just as in the general adult population, but whether this represents a risk factor for dopaminergic neurodegeneration and PD is unclear. Clarity on this topic is important because vitamin D supplementation may be a viable neuroprotective strategy for PD, should strong evidence for an effect emerge from studies that are not at risk for confounding. In this study, we examined plasma vitamin D in asymptomatic subjects at high risk for developing PD from the PARS cohort. We found that vitamin D levels did not differ in the high-risk group compared to age-and sex-matched controls, suggesting that sustained vitamin D insufficiency is not common before a diagnosis of PD.
The major strength of the current study involves investigation of vitamin D levels in a unique, well-characterized population in which blood samples were drawn before a diagnosis of PD. Whereas case-control studies in longstanding PD often show significantly lower vitamin D levels in PD patients, these studies may be confounded by decreased sun exposure, leading to lower levels of dermal vitamin D synthesis, in patients with reduced mobility. Because PARS subjects do not meet criteria for PD at 
enrollment, decreased sun exposure attributed to limited mobility is less likely to confound results. However, a decline in daily functioning has been demonstrated in prodromal PD 5 or more years before the diagnosis. 18 Consistent with these findings, the high-risk group in PARS had a significantly, albeit slightly, increased UPDRS score compared to controls. Nevertheless, this would not explain the current findings given that there was no difference in vitamin D levels between groups (and a trend toward higher levels in the high risk group). Last, we used the goldstandard LC/MS/MS method to measure vitamin D levels.
Several limitations should be noted. First, the sample size was relatively small, with only 56 participants in the high-risk group, limiting power to detect very small differences in vitamin D levels between groups.
However, we had 80% power to detect a difference as small as 5 ng/mL-a difference that has been demonstrated in multiple past studies. 1, 5 In addition, the 95% confidence interval for the true difference between groups in our study ranged from -0.432 to 6.638, meaning that the high-risk group may have had a mean vitamin D level that was up to 6.6 ng/mL greater than controls, or up to 0.43 ng/mL lesser than controls. Given that the direction suggested by past studies is for PD individuals (and individuals at risk for PD) to have lower vitamin D levels, the small magnitude estimated in this direction (0.43 ng/mL) by our data is unlikely to be clinically meaningful.
Second, the high-risk group was defined by hyposmia and a somewhat liberal age-expected putaminal DAT 
binding cutoff of 80% or less, meaning not all of those in the high-risk group may develop PD. We note in this regard, however, that, among PARS subjects, the high-risk group appeared to have a higher total vitamin D level, although this did not reach statistical significance; our data do not trend in the direction expected if lower vitamin D levels predispose to the development of PD. Moreover, we also repeated the analysis with a more stringent DAT cutoff of <65% age-expected norms, obtaining similar results. Third, this is a cross-sectional study in which vitamin D levels were measured at one point in time and do not necessarily represent the chronic vitamin D status of the individual participants. Last, vitamin D supplementation status was not known, so it is possible that those in the high-risk group had higher rates of supplementation. However, neither vitamin D2 nor vitamin D3 levels differed between the groups, arguing against higher rates of supplementation in the high-risk group, given that most supplements contain only vitamin D2.
In summary, in the prediagnostic PARS cohort, some of whom are at high risk for developing PD, plasma vitamin D levels were no different in subjects at high risk for developing PD versus those who were not. There were no correlations between DAT binding and vitamin D levels. Our findings are consistent with the most recent prospective study that found no association between serum vitamin D levels and PD risk. Moreover, they do not support the hypothesis that chronic vitamin D insufficiency contributes to the pathogenesis of PD.
